This paper reports on the design and simulation of a multiquantum Well (MQW) AlGaAs/GaAs single p-i-n junction cell with a Distributed Bragg Reflector (DBR) placed at back surface. The DBR structure reflects the part of the spectrum that benefits from absorption in the AlGaAs MQW structure, while being transparent to the IR spectrum. The addition of a DBR allows for a possible second bottom cell junction to be placed beneath the DBR in series with the MQW single cell for an additional efficiency enhancement. The efficiencies and short-circuit currents for the AlGaAs MQW cell with and without DBR are simulated. An energy balance equations model coupled with drift-diffusion equations is solved in heterojunction p-i-n with embedded quantum wells to model hot electron effects. The current-voltage characteristics of an MQW single junction AlGaAs/GaAs p-i-n solar cell structure were compared with measured data. The efficiencies and short-circuit currents of an optimized cell with and without DBR are simulated. Results obtained show improvement in short circuit current and efficiency when both MQW and DBR were used. Simulation results predict an efficiency of about 28.4% for the MQW AlGaAs-DBR single p-i-n junction photovoltaic cell under the presence of both radiative and nonradiative recombination mechanisms.
Device Design
The single junction structure proposed consists of an AlGaAs/GaAs MQW top cell and an AlAs/GaAs DBR reflector at the back. Incorporating GaAs quantum wells in the intrinsic region of a p-i-n Al x Ga 1−x As solar cell can increase the efficiency of the single bandgap baseline cell as it is reported by several investigators [1] [2] [3] [4] .
Simulations of solar cells are carried out by modeling an energy balance hot carrier model. For the light illumination an AM 1.5 solar spectrum condition with input power equal to 100 mW/cm 2 is used.
The optimized device is similar to the work published by others [5] , where the optimization was carried out by simulation of devices with various geometrical and electrical parameters. The geometry of layers was changed by altering their thicknesses. The doping concentration and bandgap energy of particular material were considered as the main electrical parameters. For p-i (MQW)-n solar cell simulations parameters such as the widths of the wells and barriers, the depth of wells with a constant value of intrinsic region width, the number of wells in the intrinsic layer, doping concentration of emitter layer, width and doping concentration of the base layer, width of separation layers, and Al fraction in the window layer were changed. Devices which have achieved the highest value of conversion efficiency were classified to the next step of optimization [6, 7] . The optimized structure of the MQW solar cell is shown in Figure 1 . The device considered contains two 15 nm wide GaAs wells and 10 nm wide Al 0.1 Ga 0.9 As barriers. Two, 20 nm wide emitter layer and 1000 nm base layer are applied, and the window layer is composed of Al 0.9 Ga 0.1 As. The cap layer application is required due to high contents of Al in window layer. Figure 2 shows the energy band diagram of the AlGaAs/GaAs MQW cell without the addition of the DBR.
The DBR structure is formed from multiple layers of alternating materials with varying refractive index [8] . Each layer boundary causes a partial reflection of an optical wave. The refractive index and the thicknesses of GaAs and AlAs layers must be properly chosen for a particular wavelength. Here, it is desirable to reflect photons which have energies in the range between 1.4 ev and 1.6 ev. and thicknesses at a center wavelength are designed for GaAs and for AlAs, respectively, discussed in the following. The energy band diagram of the DBR with 10 period used in this study is shown in Figure 3 .
Device Modeling
Photogenerated electron hole pairs in semiconductors carry excess kinetic energy that is lost to the lattice by phonon emission. A photovoltaic MQW single junction device structure could take advantage of these high-energy carriers by allowing them to transport carriers across the semiconductor without being lost to the lattice through phonon scattering [9] . How useful one can design a MQW device, and to fully realize the potential of hot electron phenomena in confinement depends on an accurate modeling and design of the device. The energy balance modeling provides a relaxation lifetime for the energy transfer among the charge carriers and lattice. The solution of energy balance equation in single quantum well determines the average electron temperature and its relationship with the macroscopic energy relaxation lifetime assigned to hot electrons [10, 11] . The combination of multiple absorption and the confinement of hot electrons and the selective use of multiple DBR reflector for light trapping may further improve the efficiency of solar cells. In the quantum well, the size quantization and the 2D density of states are applied. The electrons and holes energy levels in the well are estimated from the analytical expressions for a finite height well. Electron-hole generation due to optical absorption and generation-recombination due to Shockley-Read-Hall (SRH) and band-to-band radiative mechanisms are included. The generation-recombination terms in the bulk are modified and extended to quantum well regions. Energy transfer among the charge carriers and crystal lattice is modeled by an energy relaxation lifetime.
The kinetic energy for electrons (u n ) and holes (u p ) at a given temperature, u n,p = (3/2)k B T n,p , is related by carrier temperature (T n,p ) and carrier populations, obtained by the interaction of carrier and phonon lattice. The kinetic energy exchange is modeled by (u n,p (T n,p ) − u n,p (T L ))/η n,p where the energy exchange among the lattice and carriers is modeled by energy relaxation lifetime for electrons (η n ) and energy relaxation lifetime for holes (η p ) discussed in [12, 13] . The parameter T L is the lattice temperature and normally is kept at the nominal room temperature. The expression for the direct kinetic energy exchange among the electron and hole carriers is based on the effective mass approximation due to optical generation for electron and holes in the bulk described in detail in articles [14, 15] . The details of the device modeling and the formulations are also discussed in our previous work published in [16, 17] .
Back Surface DBR Design.
The efficiency of the AlGaAs/ GaAs MQW can be increased by applying AlAs/GaAs distributed Bragg reflectors DBR at the back surface. The DBR also transmits the unabsorbed photons to be applied to a potential second cell attached to the bottom. This could potentially increase the open circuit voltage if a continuous current flow is maintained throughout the device. A DBR structure is formed from multiple layers of alternating materials with varying refractive index. Each layer boundary causes a partial reflection of an optical wave. The range of wavelengths that are reflected is called the photonic stopband. Also, most light outside of its stopband is transmitted through the cell. Therefore, a DBR structure is applied in order to reflect unabsorbed photons from the GaAs/AlGaAs QW junction.
To design a DBR that reflects unabsorbed photons from the MQW cell, the refractive index for GaAS and AlAs layers must be properly chosen for a particular wavelength. Thicknesses d Bragg of Bragg reflectors layers were chosen in accordance with the following equation:
where λ is the wavelength at maximum of spectral characteristic and n Bragg is the refractive index for Bragg reflector material. Here, it is desired to reflect photons which have energies in the range between 1.4 ev and 1.6 ev. The refractive indexes and thicknesses for GaAs and AlAs layers at 0.88 μ are
An AlAs/GaAs DBR with a center wavelength at 0.88 μ is designed and simulated. An AlAs/GaAs DBR with 10 periods is modeled at back surface of a MQW p-i-n cell. The simulation results indicate that the short-circuit current density of the QW cell increases by about 1 mA/cm 2 and the efficiency by 0.7% when applying the DBR. The reflectivity spectrum for the AlAs/GaAs DBR with 10 periods and the energy band diagram are illustrated in Figures 3 and 4. From Figure 3 , it can be seen that the DBR has a high reflectance of about 1 between 1.4 ev and 1.6 ev and low reflectance at energies outside of the stopband. and the area of the p-i-n structure are 1.05 μm and 0.78 mm 2 , respectively [14] . The p-type layer with the doping density of 2 × 10 18 cm −3 and an n-type layer with the doping density of 2 × 10 18 cm −3 are considered. A comparison between the simulation and experimental current-voltage characteristics of this device, Figure 5 , shows that our model is capable of predicting the device current-voltage characteristics as well as giving physical insight into the device performance.
AlGaAs/GaAs p-i-n Quantum
An energy relaxation lifetime of 1 ps is assumed. Not shown is the electron quantized energy level, calculated at 0.0254 eV above the conduction band. The temperature and total carrier concentration profiles are shown in Figures 6 and 7 concentration includes both 2D bound and free carrier concentration. As shown, electrons transport away from the region with higher temperature due to thermal diffusion. The contacts are kept at lattice room temperature. The electron temperature rises in QW region, which has an energy relaxation lifetime of 1ps relative to the other regions in the semiconductor that were assumed to have much shorter energy lifetime. As a result electrons relax to lattice temperature outside the QW region.
AlGaAs/GaAs QW-DBR: An Optimized
Device. The computed current-voltage characteristic of the optimized AlGaAs/GaAs QW-DBR structure described in Figure 1 with and without light is shown in Figure 8 . A comparison between the AlGaAs solar cell with and without quantum wells is shown in Table 1 . An open-circuit voltage of 1.06 Volt and a shortcircuit current density of 29.4 mA/cm 2 are obtained for the MQW cell. As shown in Table 1 , MQW solar cells provide higher efficiency compared to their bulk p-n diode counterparts. When the DBR is added to the MQW cell, the shortcircuit current density increases by about 1 mA/cm 2 from 29.4 mA/cm 2 , to 30.3 mA/cm 2 , and the efficiency is increased by about 0.7%.
In summary, simulation results predict an efficiency of about 28.4% for the MQW AlGaAs-DBR single p-in junction photovoltaic cell under the presence of both radiative and nonradiative recombination mechanisms.
Conclusion
Simulation of MQW AlGaAs single p-i-n with back surface DBR is carried out by an energy balance modeling device simulation program under the AM 1.5 solar spectrum conditions. Results show that the quantum well solar cells can enhance short-circuit current and power conversion efficiency in comparison with similar, conventional solar cells made from bulk AlGaAs barrier material alone. 27.7% conversion efficiency was obtained by the MQW solar cell. The application of AlAs/GaAs DBRs at the back surface MQW increases the efficiency by about 1% with a total efficiency of 28.4%. The DBR structure reflects the part of the spectrum that benefits from absorption in the AlGaAs QW structure, while being transparent to the IR spectrum. The DBR can be used as a buffer to attach a second cell to absorb the transmitted photons for an increased efficiency if designed for a continuous current.
